A B S T R A C T The effect of catecholamines on membrane-associated protein kinase in the mature human erythrocyte was investigated. Protein kinase activity was assayed after isolation of membranes from intact erythrocytes incubated with and without catecholamines. Activation of the enzyme is expressed as the ratio of the extent of phosphorylation of exogenous protein substrate in the absence to that in the presence of 2.5 ,M cyclic AMP (cAMP). The potent ,8-adrenergic agonist, (-)isoproterenol (2 ,uM), (-)epinephrine (10 ,uM) and (-)norepinephrine (10 uM) stimulated the cAMP-dependent protein kinase in membranes, 38±7%, 31±6%, and 30±6%, respectively. Maximal stimulation of membrane protein kinase by 10 ,uM (-)epinephrine was obtained _30 min after initiation of the incubation of erythrocytes with the hormone. The concentrations of (-)catecholamines that gave half-maximal stimulation of the membrane protein kinase were 0.17 ,M for isoproterenol, 0.35 ,M for epinephrine, and 0.63 ,uM for norepinephrine. The membrane protein kinase response to 6-adrenergic agonists was found to be stereospecific. The stimulation of membrane protein kinase by 10 ,uM (-)epinephrine was inhibited by the ,8-adrenergic antagonist, (-)propranolol with EC50 = 0.60 ,uM, and the inhibition of agonist stimulation of the cAMP-dependent protein kinase by propranolol was stereospecific. These studies suggest that a functional ,8-adrenergic receptor exists in the mature human erythrocyte.
A B S T R A C T The effect of catecholamines on membrane-associated protein kinase in the mature human erythrocyte was investigated. Protein kinase activity was assayed after isolation of membranes from intact erythrocytes incubated with and without catecholamines. Activation of the enzyme is expressed as the ratio of the extent of phosphorylation of exogenous protein substrate in the absence to that in the presence of 2.5 ,M cyclic AMP (cAMP). The potent , 8-adrenergic agonist, (-)isoproterenol (2 ,uM), (-)epinephrine (10 ,uM) and (-)norepinephrine (10 uM) stimulated the cAMP-dependent protein kinase in membranes, 38±7%, 31±6%, and 30±6%, respectively. Maximal stimulation of membrane protein kinase by 10 ,uM (-)epinephrine was obtained _30 min after initiation of the incubation of erythrocytes with the hormone. The concentrations of (-)catecholamines that gave half-maximal stimulation of the membrane protein kinase were 0.17 ,M for isoproterenol, 0.35 ,M for epinephrine, and 0.63 ,uM for norepinephrine. The membrane protein kinase response to 6-adrenergic agonists was found to be stereospecific. The stimulation of membrane protein kinase by 10 ,uM (-)epinephrine was inhibited by the ,8-adrenergic antagonist, (-)propranolol with EC50 = 0.60 ,uM, and the inhibition of agonist stimulation of the cAMP-dependent protein kinase by propranolol was stereospecific. These studies suggest that a functional , 8- adrenergic receptor exists in the mature human erythrocyte. INTRODUCTION Recently, with improved methodology, hormonesensitive adenylate cyclase has been detected in erythrocytes of several mammalian species, i.e., rat (1) (2) (3) , mouse (1) , and rabbit (4). To our knowledge only two groups have reported the presence of catecholamineresponsive adenylate cyclase in human erythrocytes (5, 6) . However, because of low activity as well as the small degree of stimulation of adenylate cyclase by catecholamines (5, 6) , it has not been clear whether this enzyme plays a functional role in the mature erythrocyte or is merely a vestigial function retained during erythroid differentiation. However, in vitro studies indicate that mature human erythrocytes possess a functional 8-adrenergic receptor. (-)Isoproterenol and (-)epinephrine increased the degree of hypotonic hemolysis and decreased the deformability of human erythrocytes (3, 7) . The catecholamines also decreased the size of a rapidly exchangeable calcium pool (3) . Epinephrine decreased the fatty acid-chain flexibility in human erythrocytes (8) . Further, those catecholamine effects on human erythrocytes had the characteristics of a 83-adrenergic effect (7, 8) . The effects of catecholamines on human erythrocyte physiology may possibly be a result of the elevation of the intracellular cyclic AMP (cAMP)1 concentration via stimulation of adenylate cyclase because the observed effects could be mimicked by cAMP (7, 8) .
Recent observations indicate that phosphorylation and dephosphorylation of membrane proteins play a central role in affecting cell membrane functions, and possibly control of cell deformability and shape in human erythrocytes (9, 10) . It has been demonstrated that human erythrocyte membrane phosphorylation by ATP is mainly mediated by cAMP-dependent and cAMP-independent protein kinase (11) (12) (13) (14) .
We have observed the stimulation of human erythrocyte membrane protein kinase by catecholamines (15 (19) except that 5% TCA was replaced by 10% TCA. The amount of 32P transferred to membranes was determined in parallel assays in which protamines were omitted, and all data on phosphorylation of exogenous protein substrates were corrected for endogenous membrane phosphorylation unless otherwise noted. As blanks, boiled membranes were used in the assays. The assay error in duplicate was within 5%. In this study, protein kinase activity is expressed as the amount of transferred phosphate from ATP to exogenous protein substrate in 90 min at 0°C. In other cases, the kinase activity is expressed as the protein kinase activity ratio, i.e., the ratio ofkinase activity in the absence to that in the presence of added cAMP (20) . Determination of catecholamine stimulation of membrane protein kinase. In the experiments related to catecholamine stimulation of human erythrocyte membrane protein kinase, initially, isolated intact erythrocytes (38-42% hematocrit)
were incubated with catecholamines. Well-washed human erythrocytes were additionally washed two times with the incubation buffer (Hank's balanced salt solution without Ca or Mg) and mixed with a small portion of the incubation buffer which contained catecholamines or acids used to form salts with catecholamines (control) at 0°C. The incubation medium was transferred into tubes placed in a 30°C shaking water bath (140 cycle/min). This was defined as zero time in this study. The incubation time was 30-45 min unless otherwise noted. At the end of the incubation, the incubation medium was diluted six times with the ice-cold incubation buffer and immediately centrifuged at 3,020 g for 5 min at 4°C. Erythrocyte pellets were resuspended in 10 mM Tris buffer containing 150 mM NaCl (pH 7.8) and washed once by the buffer, and then erythrocyte membranes were prepared. The protein kinase activity associated with isolated membranes was determined after being frozen and thawed. The membrane proteins in each assay tube were carefully adjusted to the same concentration.
Chemical analysis. Protein was determined by the method of Lowry et al. (21) . Hemoglobin associated with membranes was measured with the cyanmethemoglobin method (22) . The membrane hemoglobin was subtracted from the total protein to give the nonhemoglobin protein (membrane protein) in the case of the first, second, and third washed membranes. Nonhemoglobin protein in membranes was also determined by the method of Bodemann and Passow (23) .
Statistical methods. All the results are expressed as mean percentage of stimulation±SEM unless otherwise noted. Statistical significance was determined by student's t test based on paired data (24) . Statistical significance was assigned if P < 0.05.
RESULTS
The effect of incubation time on phosphorylation of protamine by human erythrocyte membrane protein kinase. The protamine phosphorylation by membrane protein kinase at 0°C in the presence and absence of cAMP was almost linear up to 120 min with concentrations of 0.25-0.35 mg/ml of membrane proteins (Fig. 1) . The protein kinase activity ratio determined at 0°C increased with incubation time up to 80 min and reached a constant value between 90 and 100 min of incubation (Fig. 1) .
Effect of membrane protein concentration on phosphorylation of protamine. The incorporation of [32p]_ phosphate into protamine in the presence or absence of cAMP was directly proportional to the concentration of human erythrocyte membrane protein up to 0.37 mg/ml of the incubation medium at 0°C for 90 min of incubation (Fig. 2) . Furthermore, the protein kinase activity ratio remained almost constant between 0.1 and 0.37 mg/ml of the incubation medium (Fig. 2) .
Kinetics of stimulation of membrane protein kinase.
The effect of incubation time at 30°C on 10 ,uM (-)epinephrine stimulation of membrane protein kinase in human erythrocytes is illustrated in Fig. 3 . Stimulation of the membrane protein kinase by (-)epinephrine (10 ,uM) was initiated 10 min after addition of the hormone, the earliest time measured. Effect of catecholamine concentration on stimulation of erythrocyte membrane protein kinase. Fig. 4 shows the levels of the membrane protein kinase activity ratio in response to increasing concentrations of,3-adrenergic agonists. Assays were made with membranes isolated from erythrocytes exposed (30 min at 30°C) to various concentrations of the catecholamines.
The protein kinase activity ratio increased in proportion to the concentration and reached a maximum at 1-10 ,uM (-)catecholamines (Fig. 4) . For example, the protein kinase activity ratio of membrane protein kinase exposed to 10 ,uM (-)epinephrine was 0.173, 38% above the control value (0.125). The concentrations of (-), 8- Fig. 4 . The (+)isomer of one of the catecholamines, (+)epinephrine, was markedly less potent than (-)epinephrine (Fig. 4) .
Statistical analysis of catecholamine stimulation of erythrocyte membrane protein kinase indicated significant stimulation as shown in Fig. 5 . After incubation with f-adrenergic agonists, the membrane protein kinase activity ratio increased 38±7% (n = 10, P < 0.002), 31+6%(n = 13,P < 0.001),and30±6%(n = 6,P < 0.005), by 2 ,uM (-)isoproterenol, 10 ,uM (-)epinephrine, and 10 ,uM (-)norepinephrine, respectively.
Characteristics of catecholamine stimulation of membrane protein kinase in human erythrocytes. 3 Effect of (-)epinephrine on human erythrocyte membrane protein kinase as a function of time. Isolated erythrocytes (40% hematocrit) were incubated in Hank's balanced salt solution at 300C for the time indicated in the absence (control) or presence of 10 ,uM (-)epinephrine. Protein kinase activities associated with membranes (second washed membranes) were determined according to the method given in Methods. Values are the means+SEM of replicate determinations from four experiments. Significant effects of( -)epinephrine on membrane protein kinase are depicted by *, P < 0.05 and **, P < 0.001. ,3-adrenergic agonist stimulation of membrane protein kinase in human erythrocytes was progressively inhibited with increasing concentrations of the ,8-adrenergic blocker, (-)propranolol (Fig. 6) . The concentration of (-)propranolol required to produce half-maximal inhibition of 10 ,uM (-)epinephrine stimulation of the membrane protein kinase was 0.6 ,M (Fig. 6 ).
The concentration of (-)propranolol required to inhibit 100% of the effect of 10 ,uM (-)epinephrine on membrane protein kinase was 30,M (Fig. 6) .
The dissociation constant of the (-)propranolol effect on epinephrine stimulation of membrane protein kinase was calculated to be 20 nM with the equation (25)
where S is the concentration of (-)epinephrine used to stimulate membrane protein kinase, Km is the constant for half-maximal (-)epinephrine stimulation, and EC50 is the concentration of (-)propranolol required to produce half-maximal inhibition of (-)epinephrine stimulation of the membrane protein kinase.
In contradistinction, the inhibition of 10 ,uM (-)epinephrine stimulation of membrane protein kinase activity by the (+)isomer of propranolol was much less. The concentration of (+)propranolol required to produce half-maximal inhibition of 10 ,uM (-) ,-ADRENERGIC ANTAGONIST (MFM) FIGURE 6 The effect ofvarious concentrations ofpropranolol on (-) 1, 3, 8, 6 ), no detailed studies have been reported on the hormonal regulation of human erythrocyte protein kinase. We have found that catecholamines activated the protein kinase associated with human erythrocyte membranes. All of the ,3-adrenergic agonists [(-)isoproterenol, (-)epinephrine, and (-)norepinephrine] tested in this study, stimulated membrane protein kinase significantly (Figs. 4 and 5) . Determinations ofthe protein kinase activity ratio ofhuman erythrocyte membranes were performed under conditions where the activity ratio was not influenced by slight differences in membrane protein content and incubation times ( Figs. 1 and 2) . Therefore, the observed increase in the membrane protein kinase activity ratio after exposure to catecholamines reflected a real increase in the active state of protein kinase associated with membranes rather than an artifact such as membrane sampling.
The protein kinase activity and the activity ratio were very sensitive to Mg2+ concentration, exogenous protein substrates, concentration of [.y-32P]ATP, temperature, and freshness of membranes (data not shown).2 This may account for the large differences in the cAMP dependency of membrane protein kinase in human erythrocytes reported by several investigators (26) (27) (28) (Fig. 4) , although the difference of the potency between (-)isoproterenol and (-)epinephrine was smaller than that observed in various other tissues with respect to activation of adenylate cyclase (30) . (b) The effect of (-)epinephrine was stereospecific, the (-)-form of epinephrine being much more effective than (+)epinephrine in stimulating erythrocyte membrane protein kinase (Fig. 4) . (c) The catecholamine stimulation of membrane protein kinase was stereospecifically blocked by f3-adrenergic antagonists (Fig. 6). (d) The a-adrenergic blocker did not block the effect of catecholamines on the membrane protein kinase.
The mechanism whereby membrane cAMP-dependent protein kinase is stimulated by catecholamines is not clear at present except that it appears to be of the B-adrenergic type. f-adrenergic actions in various tissues including erythrocytes have been considered to be mediated by increased intracellular cAMP concentrations by activation of adenylate cyclase (31) . Thus, it is likely that catecholamine stimulation of membrane cAMP-dependent protein kinase will most likely be through activation of adenylate cyclase and increased intracellular cAMP concentration. This change may be too small to measure accurately with currently available methods.
In many cell systems, it has been reported that the time-course of the catecholamine effects on f3-adrenergic receptors, particularly with regard to adenylate cyclase stimulation, reach a maximum within 5-10 min and decrease rapidly (32) (33) (34) . However, in erythrocytes, the response of,-adrenergic receptors appears to be a much slower process. For example, the effect of isoproterenol on cellular cAMP accumulation in turkey erythrocytes did not reach a maximum even after 90 min of incubation (35) . Furthermore, the effect of isoproterenol on sodium influx reached a maximum at approximately 30 min, and after 30 min there was a steady decrease in the effect of isoproterenol so that by 2 h sodium influx in cells exposed to isoproterenol was only slightly greater than for cells incubated for the same period of time without isoproterenol (35) . Thus, the kinetics of the effect of isoproterenol on sodium influx in turkey erythrocytes appears to be quite similar to that of the effect of epinephrine on membrane protein kinase in human erythrocytes.
It may be possible that in the human erythrocyte, a ,8-adrenergic action may be unrelated to the adenylate cyclase system (3) . There are reports that indicate that certain hormones stimulate protein kinase directly, i.e., independent ofadenylate cyclase activation (36) . An increase in membrane protein kinase activity by catecholamines may be the consequence of an increased association of the catalytic subunits of protein kinase from the cytosol to membranes (20, 37) . Studies are in progress in this laboratory to clarify the mechanism of catecholamine stimulation of membrane protein kinase in human erythrocytes.
